This paper presents a smart energy consumption monitoring platform for machining processes with a unique electrical energy consumption indicator (EECI) for the evaluation and comparison of machining processes in terms of energy efficiency. The purpose of the developed smart monitoring platform with the integrated EECI and the Industry 4.0 digital technologies is to raise the level of efficiency of the machining process and thus to stimulate more sustainable and environmentally friendly machining. The energy consumption monitoring of a milling process is performed by connecting a machine tool with integrated sensors for measuring electrical power and cutting force to a cloud platform by using resources for signal acquiring and data acquisition. The platform includes applications for energy consumption monitoring and/or analysis. Results of four machining experiments are presented to demonstrate the effectiveness of the proposed energy consumption monitoring in machining and the applicability of the newly introduced EECI at the engineering and the operational level.
Introduction
Energy efficiency is becoming an increasingly important issue in modern tool making companies, especially due to continuous efforts to reduce machining costs. It is also of significance for upper management because achieving energy efficiency stimulates the careful energy management to accomplish increasingly sustainable and environmentally friendly machining. The energy efficiency improvement is also a vital issue to be tackled by governments. The governments are responsible for preparing protocols and developing strategies which help minimizing CO 2 emissions and environmental footprints. A regulatory framework called Energy 2020 was adopted in 2007. This European Union regulation set a goal to lower emissions by at least 20% by 2020 [1] . It is estimated that approximately one trillion Euros are required to meet this objective [1] . Increasing energy production prices and government directives have a significant impact on the further technological development and investment in the equipment of tool making companies as the only efficient way to reduce emissions and energy consumption is the modernization of equipment and infrastructure [2, 3] . One way to modernize equipment and infrastructure is to implement Industry 4.0 technologies into machining processes. According to the Industry 4.0 agenda, digital technologies have a potential to rise machining to a higher, more efficient level. Modern, upto-date machine tools contain numberless smart sensors and subsystems. These advanced mechatronic systems can acquire, pre-process and transfer an increased amount of process data to the cloud-based monitoring and control applications. Therefore, there is a practical need to develop applications for monitoring and analyzing the energy consumption of machining processes and thus to support managers' decisions that will beneficially affect the company's development.
In this paper, a unique and not yet published electrical energy consumption indicator (EECI) for the evaluation and comparison of energy efficiency of processes is introduced. The applicability of the EECI integrated in a monitoring process is explained in detail on a milling process. However, the EECI is designed with the goal of expanding it to other subtractive formative and additive processes. In the future, the EECI could be used for the evaluation of new ultrasonic and laser supported technologies of machining.
Automatic monitoring of energy consumption in complex machining systems is indispensable in order to obtain energy consumption data, which are essential for proper evaluation, analysis and support of energy saving strategies.
In machining, several types of energy monitoring of machine tools have been developed [4, 5, 6] . Dornfeld et al. [4] used event stream processing techniques to develop an approach to automatic energy monitoring of machine tools. Hu et al. [7] developed an on-line approach to energy efficiency monitoring of machine tools without using a dynamometer. Diaz et al. [8] performed energy consumption characterization and reduction strategies for milling machine tools. Behrendt et al. [9] examined monitoring achievements in machining. Zhao et al. [10] explained in detail how to develop an energy efficiency system for monitoring machine tools. Kim et al. [11] proposed an energy consumption monitoring system for each axis of a machining center. Tristo et al. [12] introduced real time power consumption monitoring for performing an energy efficiency analysis in micro EDM milling. Lenz et al. [13] presented the implementation of energy monitoring on a component basis of a milling machine tool. Gong et al. [14] developed a hydraulic CNC machine tool monitoring system based on the intelligent embedded theory. Wu et al. [15] proposed a configurable on-line energy consumption monitoring system for machine tools. Jia [16] introduced energy efficiency state identification in milling processes based on information reasoning and the hidden Markov model. Liang et al. [17] developed an artificial neural network for energy consumption modelling and energy consumption monitoring. Cai et al. [18] established a strategy for monitoring the energy efficiency state and proposed the identification of energy efficiency state based on continuous wavelet transform.
Literature review revealed also recent studies which are related to energy consumption/efficiency monitoring in machining based on the emerging Internet of Things (IoT) technology. For example, Zheng et al. [19] introduced a concept and framework for smart energy consumption monitoring in machining. Chen et al. [20] in his paper briefly explained a framework for energy monitoring of machining workshops based on IoT. Chen et al. [21] developed an IoT-based energy efficiency monitoring and management system for machining workshops. An industrial application is presented to validate the effectiveness of the proposed system. This system was developed based on the general framework of the energy monitoring and management system developed by Shrouf et al. [22] . Liang et al. [17] introduced a framework of a cyber physical system for the optimization of energy efficient machining. Another approach to improve the energy efficiency of tool making companies is to introduce a labelling system that can classify machining equipment and processes according to their energy consumption. Namely, there are no specific regulations for machine tools and machining processes. This system will increase the efficiency of the future machining processes. This applies especially to small and medium-sized enterprises which buy state-ofthe-art machine tools based on the maximum machining capacity to machine with no precise assessment of actual requirements. Usually these machine tools are over-engineered and contain many advanced functions and additional systems that require additional electrical power. In machine tools, the chipping process accounts for a maximum of 25% of the total consumed energy [23] . The research carried out by Toyota [23] outlines that an average amount of energy used for the machining process makes only around 15% of the total energy consumption (Fig. 1) . The majority of energy is consumed by additional equipment. Fig. 1 shows results of the analysis of the energy consumed in the machining process carried out in Toyota. New machine tools with similar equipment and basic functions are more energy efficient than older ones. Fig. 2 presents results of the analysis of energy consumption in a milling machine with a 6 kW spindle motor [2] . The chipping process carried out by this machine tool consumes 65.8% of the total process energy. A ten-year-older milling machine with similar equipment and basic functions consumes about 50% energy for performing the chipping process.
Energy efficiency of a manufacturing process is defined as a ratio of the product output to the total energy input. It is also known as the thermodynamic input-output energy efficiency. Due to many state-of-the-art subsystems in machine tools, the definition of energy efficiency in this form is not appropriate and efficient for machining. Therefore, several other indicators for energy efficiency of machine tools are proposed.
Thiede et al. [24] defined energy efficiency of a machine tool as a ratio between machined pieces and electrical power demand multiplied by machining time. According to Liu et al. [25] , machine tool efficiency is a ratio of material effective (cutting) power to the machine input power.
After reviewing the literature, it was found that nowadays a lot of researchers [26, 27, 28] employ the specific energy consumption (SEC) for evaluating the energy efficiency of machine tools. SEC represents the energy which is required to remove a specific volume of material. SEC is also defined as a ratio of cutting force to cutting chip cross section. Ma et al. [29] evaluated the energy efficiency of the metal cutting process with numerical simulations using the finite element method. In some studies, the energy efficiency of machine tools was evaluated with only one energy indicator (SEC); in others, a combined approach was applied, taking energy efficiency, environment, ecological and technical factors into account.
Xie et al. [28] reported that energy consumption models of machine tools are essential for improving energy efficiency in machining.
The literature review also revealed that the developed energy consumption models could be divided into three groups according to their structure and application properties.
Linear energy consumption models belong to the first group. These models rapidly determine the linear relationship between the material removal rate (MRR) and the SEC in order to predict the cutting energy consumption [30] . Kara et al. [31] developed empirical SEC models for milling and turning. In the developed models power is inversely proportional to the MRR. The model accuracy was above 94%. Li et al. [32] introduced an improved SEC model that takes the speed of the spindle into account. The developed model prediction accuracy was 95%.
The second group includes energy consumption correlations models that analyze the relation between energy consumption and parameters of the machining process. Researchers employed tool wear [28, 33, 34] , material properties [35] cutting force [23, 36] and cutting parameters [37, 38] in the process of modelling energy consumption in milling. Luan [36] develop a relatively precise power prediction model based on the infinitesimal cutting force during the face milling process.
The third group of models consists of machining energy consumption models that are process-oriented [30] . Yoon et al. [39] developed a machine-based power consumption model to cope with a wide variety of machine tool configurations. Balogun et al. [40] built a model which considers energy consumption of the tool change process. Lv et al. [41] developed a model that takes all elements of the machine tool (power module, cooling, chip removal system, spindle system, feed system, lighting…) into account when modelling energy consumption. Lee et al. [42] estimated milling energy consumption based on anNC programming code. Liu et al. [43] built a model based on the assumptions that the main drive system was the main consumer of energy. Some models of cutting energy consumption were developed by using empirical formulas [43, 44, 45] or methods of experimental data mining, e.g. mathematical statistics [23, 46] , surface response method, interpolation method and artificial neural network. Liang et al. [17] developed an artificial neural network for energy consumption modelling and energy consumption monitoring. Triebe et al. [47] investigated energy consumption of a machine tool through energy mapping. Nas et al. [48] performed the optimization of surface roughness applying the Taguchi method and the investigation into the energy consumption in the process of milling spheroidal graphite cast iron materials.
However, all the mentioned models are developed for a specific machine tool configuration. Therefore, a more general procedure is required that will enable comparison of new subtractive, formative and additive processes. The statistical and mathematical modelling must be replaced with new standards that measure and analyse the machine tool energy efficiently [30] .
According to [30] , it is necessary to introduce a more scientific and practical evaluation index system for assessing and testing energy efficiency of modern machine tools with complex subsystems.
Therefore, this paper introduces a non-dimensional EECI of energy efficiency that can be applied to classifications of processes, machine benchmarks without limitations to the considered technology and to the improvement of the cost-benefit relationship in production.
A comparative analysis of energy consumption based on the newly introduced EECI could accelerate energy saving procedures. This method analyses the machine tool efficiency with respect to energy consumption and classifies products of a machine tool manufacturer in relation to their competitors [49, 50, 51] .
It will be shown that based on the energy and cutting force measurements during machining, a simple EECI comparison enables us to identify the optimum process parameters that decrease energy consumption and improve productivity.
The paper is organized as follows. In the first part of this paper, a basic framework for a two-level platform for energy consumption monitoring and comparison of machining processes is presented. The next four sections describe the principal building block of the monitoring platform. The machining tests with results of the analyses are presented in Section 7. Section 8 concludes the paper.
Platform for energy consumption monitoring and comparison of machining processes
The objective of this study is to develop a smart monitoring platform for energy consumption monitoring in machining processes using a newly introduced EECI. The objective of the monitoring platform is to compare energy efficiencies of machine tools performing arbitrary machining operations. Its structure is depicted in Fig. 3 . It consists of two main parts that are linked together through the Internet connection (LAN).
The first part consists of psychical elements and adequate software. The physical elements are the machine tool, cutting tools, cutting force sensors, a sensor for energy consumption measurements, hardware for signal acquiring and pre-processing and a terminal for data acquisition.
The cloud part is referred to as a cloud monitoring platform and consists of three applications and a gateway. The gateway objective is to execute the edge computing activities, such as security execution, communication establishing, data collecting and signal filtering. The gateway collects signals from the data acquisition terminal and applies them to the applications for energy consumption monitoring. The applications process the signals further, extract features relevant for energy consumption monitoring, save the data, arrange the data, perform the data analysis, calculate the EEIC and visualize the analysis results. The individual applications are described in the following sections.
To perform the total monitoring of the machine tool or the machined tool subsystem energy consumption, the following steps have to be executed:
>>>> Machine tool, sensors, data acquisition terminal >>>> 1. Measurement of cutting force, voltage, current, axial torque and bending in the x and the y direction, signal acquisition, pre-processing and transmission to the gateway. 2. Establishment of a connection to the gateway. >>>>machine tool energy consumption monitoring platform>>> 3. Execution of the edge computing activities. 
Application for the analysis of machine tool power and cutting force
In this application, the software calculates the average and the maximal cutting force from the pre-processed data obtained by a wireless measurement system SPIKE and a stationary Kistler piezoelectric dynamometer. The software also determines the electrical power and the energy consumption of the machine tool in the time domain. The average and/or maximal electrical power and energy consumption is determined for both the spindle system and the whole machining process.
The determined values of the consumed electrical power, energy and extracted cutting force features are transmitted to the application for the EECI determination and to the energy consumption monitoring panel. The transmitted values are directly connected to the numerical and graphical indicators on the monitoring panel.
Application for EECI determination
This application is a fundamental part of the energy consumption monitoring platform. Most previous studies were focused only on the total consumed energy of processes as a relevant and accurate measure of energy efficiency. However, the researchers [30] reported that this multi-digit measure is not practical and suitable for assessing and testing energy efficiency of new technologies. Furthermore, the energy used for the machining process amounts to about 15 percent of the total machine tool energy consumption. Therefore, the total consumed energy value is not appropriate for classifying processes according to their energy consumption. Therefore, this application employs a novel EECI as a simple, practical and efficient number in order to evaluate/compare the energy efficiency of processes. The EEIC could be used to form a labelling (index) system similar to the system that classifies typical energy consuming products on the market (computers, lamps, refrigerators...) according to their energy consumption.
The new non-dimensional EECI indicator with its high potential of simplicity, expressiveness and versatility relates the specific consumed energy to a material constant. The inclusion of the process property simplifies the comparability of different subtractive, formative and additive processes. In all three cases the energy demand for a specific set of operations is related to the multiplication of the removed, formed or 3D-printed volume with a significant material property. Concerning a forming process, the deformed volume and the yield stress are used for the EECI calculation. The EECI for a selective laser melting process is calculated based on consumed energy, printed material volume and tensile strength. The tensile strength correlates with the linking forces between the atoms and the melting temperature of a material that mainly determines the necessary laser power. The EECI for machining is calculated based on consumed electrical energy (E), a removed metal material volume (RMV) and a specific material property (k) of the machining process. In machining, the specific cutting force (k c ) is selected as the specific material constant k. Therefore, the goal of the machining process optimization is to minimize the value of the EECI and thus to reduce the energy consumption for the specific RMV and k c .
The EECI for the milling process is calculated according to the formula:
k c is a function of material properties, type of milling, cutting speed, cutting tool geometry and the contact condition between the cutting tool and the machined material. In this study, the specific cutting force k c is determined experimentally by calculating the average cutting force F c and dividing the obtained value by an average cutting chip cross section (A). The approximate magnitude of the specific cutting force k c is calculated by the following equation:
The measured cutting force components F x (φ) and F y (φ) are required to calculate the instantaneous tangential cutting force F c (φ) at the instantaneous immersion angle φ. The instantaneous values of F c (φ) are calculated according to:
Next, the average cutting force F c is obtained by summing the calculated instantaneous cutting forces F c (φ) and dividing the obtained value by the immersion zone (φ st  φ  φ ex ).
The average cutting force F c is calculated as:
where φ st is the starting and φ ex is the exit angle of immersion or engagement.
The cutting force components acting on a cutting tooth in milling are presented in Fig. 4 . The average cutting chip cross section is calculated from the engagement zone as:
 d The removed metal material volume is calculated using equation 6. 
Application for monitoring machine tool energy consumption
This part of the monitoring platform is designed as a human interface with an objective to graphically represent results of the data analysis and thus to simplify the monitoring process of the machine tool energy consumption. It simplifies the comparison process between milling processes and serves as a monitoring panel. The input to the software are the measured cutting forces with corresponding cutting conditions, the measured current, the measured voltage, the determined energy consumption of the machine tool component or machining process and the EECI. 
Data acquisition terminal
A personal computer (PC) is employed to acquire and pre-process signals from the two cutting force sensors and from the power measurement system. These pre-processed signals are then transferred to the cloud-based energy consumption monitoring platform. The data acquisition system Dewetron is installed on the PC, therefore the PC is referred to as the local data acquisition terminal (DAT). The Dewetron system is used to perform electrical power measurements. It consists of the main DEWE 30-16 device with 12 modules for measuring current or voltage with the sampling rate of up to 2 MHz. The energy consumption is determined both for the main spindle and for the entire machine tool. The consumed energy (E) is represented by the surface under the electrical power curve (Fig. 6) . The momentary electrical power P(t) of the machine tool component is determined as a product between the measured momentary current I(t) and the voltage U(t) for each phase (Fig. 6) . The measurements were performed according to the electrical wiring diagram shown in Fig. 7 [53] .
The cutting force components (F x , F y , F z ) were measured by a Kistler 9257 piezoelectric dynamometer, a Kistler 5001 three-channel charge amplifier and a PC-based data acquisition system (Labview). Signals from the dynamometer were pre-processed, which includes signal amplification, signal filtering, A/D conversion and signal segmentation. The signal preprocessing was carried out on the data acquisition terminal (DAT). The DAT pre-processed the acquired signals into signal data packages and transferred them to the cloud-based monitoring platform. All signals were pre-processed by subtracting air cut signals and only the relevant part of the acquired signals was transferred to the application for carrying out analyses of the machine power and cutting force. In this cloud application, the transferred signal segments were then processed further Electrical quantities in time domain [53] to extract signal features, such as peak-to-peak, signal mean and signal maximum and maxmin range. Signals from the dynamometer were conditioned with a dual mode charge amplifier (Kistler-Type 5001) and a low pass filter of 1 kHz cut-off frequency. A one-pole passive filter with the second order Butterworth characteristic was integrated in the charge amplifier. It was configured to 1/3 of the dynamometer natural frequency. The force signal was then transferred to a NI 925A card, which was controlled by the Labview software. The force measurements were sampled at 40 kHz.
Platform
Based on the tooth passing frequency, enough information should be obtained in order to generate a discrete signal representing every single angle (from 0° to 360°) the cutting insert goes through during the cutting process. According to the employed rotational spindle speed n [min 
To avoid the distortion of the cutting force signal due to a small amount of noise, the tooth passing frequency has to be more than three times lower than the first natural frequency of the dynamometer. A 2984 min -1 spindle speed with a 2-tooth cutter yields the cutting frequency of 99.5 Hz. Therefore, to measure the cutting force at the spindle speed of 2984 min -1 the natural frequency of the dynamometer must be higher than 298 Hz. The frequency bandwidth of the employed dynamometer is therefore adequate for all machining conditions in this study.
The axial cutting force F a and the cutting tool deflection in both directions were measured by using the Spike system. The system is based on a wireless technology and is mounted to the spindle (see Fig. 8 ). 
The results of experimental testing
This chapter presents the results of three machining experiments. The efficiency of the machine tool energy consumption monitoring which uses the EECI is tested on a full slot milling of a St-52 steel workpiece.
The objective of the first machining tests was to compare the energy efficiency of the two machine tools performing an identical machining operation. The tested CNC milling machine tools are modern DMG MORI and VMC600. A cutting tool of a 16 mm in diameter with two flutes was used in the experiment. The feed rate was set to 0.01 mm/tooth and the The objective of the second machining tests was to compare the energy efficiency of two different machining processes/operations through the EECI calculation. The machining operations with two different RMVs were performed and compared on the VMC600 machine tool. In the first experiment, the axial depth of cutting (a p ) was set to 2 mm, and in the second experiment, the axial depth of cutting was set to 4 mm. The feed rate and the radial depth of cutting were the same as in the first machining test. The spindle speed was set to 2387 min -1 . The results of the comparison of the machining processes (different RMVs) are presented in Table 2 . As expected, the results reveal that the lower values of the EECI were obtained for both the total machine tool and the spindle when machining with the higher RMV. According to equation 1, different cutting volumes are considered by the EECI calculation; therefore the lower EECI for both the spindle and the whole machine gives a reasonable decision support.
In the first experiment (a p =2 mm), the RMV of 331.04 mm In the third machining test, the machining with two different cutting tools on the DMG machine tool was carried out. Two cutting tools of a 16 mm diameter with one and with two flutes were used to perform full slot milling. The feed rate was set to 0.02 mm/tooth and a p was set to 2.5 mm. The spindle speed was set to 6963 min Table 3 .
The machining times were adjusted in order to achieve identical RMV and A in both experiments. The times of machining are presented in Table 3 . The results given in Table 3 indicate that the RMV was 2169 mm 3 and A was 0.032 mm 2 . F c in the experiment with the two-flute cutting tool is slightly higher (F c = 119.02 N) than in the experiment with the oneflute tool, where F c is 109.6 N. Therefore, k c values determined in both experiments vary by 9 %. 
Conclusion
In this study, a smart platform for energy consumption monitoring in machining has been developed. The monitoring platform includes a unique electrical energy consumption indicator (EECI) and its purpose is to classify all machining operations and all machine tools without any restriction to the machine tool manufacturer, machine tool model or machining process. The EECI is obtained for the milling process by dividing the consumed electrical energy per removed material volume with the specific material constant.
The two-level monitoring platform consists of a machine tool, two cutting force sensors, a sensor for energy consumption measurements, equipment for signal acquiring and data acquisition and three cloud applications for energy consumption monitoring.
Three machining test cases have been presented to demonstrate the effectiveness of the proposed machine tool energy consumption monitoring and the potential of the newly introduced EECI as an energy efficiency evaluation and comparison measure of the machine tool and/or machining process.
In the first machining tests two different machine tools performing identical machining operations were compared. In the second tests the energy efficiency of two machining operations with different axial cutting depths were compared on the same machine tool. In the third machining test the energy efficiency of the two milling processes that use cutting tools with different number of flutes were compared.
The test results demonstrate that the proposed monitoring method using the EECI successfully evaluates and classifies machining processes, machine tools and machine tool subsystems in regard to energy efficiency.
The special interest of future activities is to employ the EECI as an international norm for machining processes and /or machine tools energy tagging.
In the future, more machining tests have to be done in order to perform more precise categorisation of both typical and special machine tools and/or machining processes such as, gear grinding, thread machining and laser assisted machining. Furthermore, the purpose of future activities will be to compare machining processes with significantly different input parameters in order to demonstrate the effectiveness of the introduced EECI.
The proposed monitoring approach with the EECI provides a novel way of energy consumption monitoring and energy efficiency evaluation in machining processes.
